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Abstract:



This research aims to study the main influencing factors of China’s industrial carbon productivity by incorporating environmental regulation and technical progress into an econometric model. The paper focuses on data from 35 of China’s industrial sectors and covers the period from 2006 to 2014, in order to examine the impact of environmental regulation and technical progress on carbon productivity. Methods applied include panel fixed effect model, panel random effect model and two stage least squares with instrumental variables (IV-2SLS). The effect of environmental regulation and technical progress has industrial heterogeneity. The paper subdivides industrial sectors into capital and technology intensive, resource intensive and labor intensive sectors according to factor intensiveness. The estimation results of the subgroups have uncovered that for capital and technology intensive and resource intensive sectors, environmental regulation has a more significant impact than technical progress; while for labor intensive sectors, innovation more significantly influences carbon productivity. In addition, foreign direct investment (FDI) and industrialization level facilitate improving carbon productivity for the full sample. By contrast, industrial structure inhibits the overall industrial carbon productivity. The industry-specific results indicate that for capital and technology intensive sectors, optimizing of the industrial structure can improve carbon productivity; for resource intensive sectors, FDI and energy consumption structure should be emphasized more; for labor intensive sectors, industrialization levels help enhance carbon productivity. Finally the industrial sector-specific policy suggestions are proposed.
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1. Introduction


The issue of global climate warming led by CO2 emission, has increasingly caught the public’s attention in recent years. Under the context of low carbon economy, reduction of carbon dioxide has become the common goal of various countries. At the same time, keeping a steady economic growth rate is also the major requirement of each country, especially for developing countries. The only way of achieving the two objectives is to raise carbon productivity. To do so, China plans to reduce its carbon intensity of per capita GDP by 40%–45% at the end of year 2020 when compared to 2005. Thus, China’s carbon productivity has to be improved in the next several years. The absolute level of carbon productivity of China is still low in comparison to advanced countries. However, the rate of growth has been pretty high, which shows the potential of carbon reduction and productivity advancement.



As the world’s largest developing country and emerging economy, China is now at the critical stage of quick enhancement of industrialization and urbanization. Thus on one hand, given that some pillar industries have high CO2 emission and high energy consumption rates and have been playing a vital role in supporting the national economy; and it is expected that they will continue to exist for a long period of time, which could lead to a dramatic increase in the demand for energy. On the other hand, China’s coal based energy consumption structure has limited the choice of other low-carbon energies. In addition, under the circumstance of rapid urbanization and the economy’s new normal, all of these factors bring about extreme challenges in energy saving and emission reduction. Therefore, through strengthening environmental regulation, implementing innovation-driven strategies so as to enhance the level of carbon productivity and eventually achieve the goal of low-carbon development, it has become an important issue that continues to draw attention. This has been the main motivation for writing this paper. Figure 1 depicts the quartile graph of industrial carbon productivity at provincial level (calculation method to be explained in Section 3). We notice that there exists a transformation of industrial carbon productivity across regions. This provincial difference reflects that industrial carbon productivity has regional heterogeneity. Whether or not carbon productivity difference also exists across industrial sectors, is worthy of further investigation. This is another motivation for us to conduct the research. Environmental regulation and technical progress are considered to be the most influential factors as they represent the level of institution and innovation. It has been proven that for countries with a middle income level, the two factors play a significant role in helping sustain middle to high rate of growth. This paper conducts the research aiming to explore the impact direction and range of this on industrial carbon productivity.


Figure 1. Industrial carbon productivity at provincial level in (a) 2006 and (b) 2014.
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2. Literature Review


The notion of carbon productivity was first presented by Kaya and Yokobori in 1997 [1]. Carbon productivity incorporates the two targets of low-carbon economy and includes reducing CO2 emission and sustaining economic growth [2].



The key points of the past relevant literature have concentrated on the following aspects. Some studies focused on the meaning of carbon productivity. First, the importance of improving carbon productivity was highlighted. The loss of environmental efficiency directly leads to the total value of output loss among OECD countries [3]. As the growth rate of CO2 emissions is negatively correlated with carbon productivity improvement, thus to reduce carbon emissions facilitates enhancement of carbon productivity [4]. Second, the relationship between carbon productivity and carbon intensity was analyzed. Studies results show that it would be possible to decrease carbon intensity while not harming economic performance [5,6]. Third, the meaning of carbon productivity was further extended. Zhou et al. [7] pointed out that carbon productivity is also a production factor which is similar to total factor productivity.



The second kind of literature works conducted comparison analysis of carbon productivity at the regional, industrial and country level. First, for industrial level, the growth in carbon productivity for the transportation sector in China was found to have different modes among Eastern, Central and Western areas [8,9,10]. The carbon productivity of the Australian construction industry had increased dramatically during the last few decades and may be further enhanced based upon the technological innovation level [11]. Second, as for regional level, industrial structure optimization and utilization of carbon capture and storage (CCS) technology is necessary for low-carbon development of the Yellow River Delta High-efficient Eco-economic Zone in China [12]. Due to the importance of high-emission and low-efficiency industries by classifying industries into four types according to “emissions-efficiency” characteristics, improving energy utilization efficiency is most vital in affecting carbon productivity in Tianjin, China [13]. Third, on the country level, environmental technical change mostly explains the improvement in overall carbon productivity for 20 member countries of the European Union from 1990 to 2003 [14]. A three-dimensional absolute decomposition model was utilized to analyze changes of carbon productivity in China [15].



Other studies explored the factors influencing carbon productivity. Depending on different research purposes, significant influential factors include technology, economic structure, population structure change, domestic demand and exports [16,17,18]. Considering the influence direction, industrial energy efficiency, opening degree, technological progress and industrial scale structure exert significant positive effects on carbon productivity, while per capita GDP, industrial energy consumption structure and industrial ownership structure have negative effects on industrial-level carbon productivity [19].



The main contributions of the paper are as follows. This research incorporates environmental regulation and technical progress into the econometric model, in order to study the main influencing factors of improving industrial sectors’ carbon productivity. In addition, compared to existing literature, this paper makes an additional contribution in considering industrial heterogeneity. We further divide 35 Chinese industrial sectors into capital and technology intensive sectors, resource intensive sectors and labor intensive sectors and then examine, respectively, the impacts on carbon productivity for each type of sector. Through classification and comparison analysis, we can better identify the similarities and differences of the influences. We believe the research results would be conducive to creating a balanced development of industrial sectors and the optimization of industrial structures.




3. Data and Methodology


3.1. Model Specification


Kaya [20] combined CO2 emission, economic development, energy consumption and population through the factorization method. York et al. [21] utilized STIRPAT model to offer decomposition formula of CO2 driving force. He mainly explained influencing factors of CO2 emission in terms of economic structure, technology level, economic development level and population scale. The formula is expressed as follows:
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(1)




where E stands for CO2 emissions volume, G represents economic activity, T refers to technology level, S denotes population structure. This paper employs STIRPAT model to modify Equation (1) into:
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(2)







The left side of Equation (2) is reciprocal of carbon productivity, the right side is population structure and technology levels that influence carbon productivity. Equation (2) can be further transformed into:
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(3)







Then this paper’s econometric model can be established based on Equation (3):
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(4)




where i, t respectively denotes i sector and t year; [image: there is no content] is constant term; [image: there is no content] refers to error term; ln is to take natural logarithmic form of the data. G/E can also be referred to as carbon productivity. As the momentum of population growth will not be changed within a short period of time, on the basis of considering relevant influencing factors, we bring into environmental regulation and technical progress as core explanatory variables and thus construct an econometric model of affecting factors on China’s industrial carbon productivity as follows.
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(5)




where CP represents carbon productivity, regu denotes environmental regulation intensity, pat stands for technical progress; Contr is control variable, includes foreign direct investment, energy consumption structure, industrialization level and industrial structure; [image: there is no content] is individual effect, [image: there is no content] is time effect, [image: there is no content] is stochastic disturbance.




3.2. Indicators Selection


	
Carbon productivity (cp):






Carbon productivity can be seen as a scarce resource under the “new normal” economy, which is defined as regional GDP divided by CO2 emission volume at a period of time. We hereby adopt a gross industrial output value (deflated by 2005 producer price index) divided by CO2 emission volumes according to the research purpose.



As CO2 emission volume, which is the main component of greenhouse gases, cannot be derived directly, the current research obtains the data mostly through estimation. This paper estimates China’s industrial CO2 emission volume based on the method that is recommended by IPCC (Intergovernmental Panel on Climate Change) in Table 1 and the detailed formula is as follows.
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(6)




where [image: there is no content] is CO2 emission volume in unit of ten thousand tons, t denotes year, j = 1, 2, 3 … 8, represents eight types of primary energy, includes coal, coke, crude oil, gasoline, kerosene, diesel oil, fuel oil and natural gas. [image: there is no content] stands for real consumption amount of those energy in unit of ten thousand tons of standard coal, [image: there is no content] refers to calorific value, [image: there is no content] is carbon emission coefficient, [image: there is no content] denotes carbon oxidation rate, 3.667 (44/12) is carbon molecular ratio.



Table 1. Calculation of CO2 Emission Volume.







	
Energy Name

	
Standard Coal Coefficient (kg-s.c./kg)

	
Calorific Value (kJ/kg)

	
Carbon Emission Coefficient (Ton-Carbon/TJ)

	
Carbon Oxidation Rate

	
CO2 Emission Coefficient (kg-CO2/kg)






	
coal

	
0.7143

	
20,908

	
26.37

	
0.94

	
1.9003




	
coke

	
0.9714

	
28,435

	
29.5

	
0.93

	
2.8604




	
crude oil

	
1.4286

	
41,816

	
20.1

	
0.98

	
3.0202




	
gasoline

	
1.4714

	
43,070

	
18.9

	
0.98

	
2.9251




	
kerosene

	
1.4714

	
43,070

	
19.5

	
0.98

	
3.0179




	
diesel oil

	
1.4571

	
42,652

	
20.2

	
0.98

	
3.0959




	
fuel oil

	
1.4286

	
41,816

	
21.1

	
0.98

	
3.1705




	
natural gas

	
1.3300

	
38,931

	
15.3

	
0.99

	
2.1622








Note: 1 TJ = 109 kJ; Source: IPCC [22] and author calculation.








	
Environmental regulation intensity (regu):






Due to lack of a direct measurement indicator for environmental regulation, the existing literature generally selects different proxy indicators depending on research requirements. Firstly, some researchers used expenditure on pollution treatment and control of unit output to express environmental regulation [23]. Secondly, others used waste discharge amounts for unit output to indicate regulation intensity [24]. Thirdly, per capita income level was also used as a proxy variable for environmental regulation. This paper selects annual expenditure for operation on industrial waste water and gas treatment facility divided by cost of main operation [25].



	
Technical progress (pat):






Over a long period of time, China’s high level economic growth was mainly dependent on input of physical factors, i.e., factor-driven mode. Along with the increasing restriction of resource and environment, relying upon traditional way of growth in terms of high input, heavy energy-consuming, high emission and low production efficiency becomes no longer sustainable. The immediate consequence would be the majority of domestic industries still located at the low-end of global value chain. Therefore the country has to enforce innovation-oriented strategy and strengthen national innovation capacity in order to accelerate the transformation of economic development. Patent is the direct reflection of technology level and is also an important indicator for technical innovation ability [26]. Thus this research adopts the number of patent applications to measure industrial technical progress.



	
Foreign capital dependence (fdi):






From the perspective of low carbon economy, entry of foreign capital will bring about a positive effect of boosting GDP growth and at the same time, create a negative effect in terms of certain environmental pollution. If the former outweighs the latter, then utilizing foreign capital helps enhance carbon productivity and vice versa. This paper selects Hong Kong, Macau, Taiwan’s capital and actual receipt foreign capital, divided by gross industrial output value as the indicator.



	
Energy consumption structure (ecs):






Generally, provided that non-clean energy constitutes a larger proportion of the total amount of energy consumed, environmental pollutants such as carbon dioxide and sulfur dioxide will be generated more accordingly. Hence carbon productivity will be lowered if the energy consumption structure is mainly using fossil fuel. This paper adopts each industrial sector’s coal consumption amount divided by total industries coal consumption amount to represent the energy consumption structure.



	
Industrialization level (ind):






Industrialization is an indispensable phase of low income countries to progress in becoming a high income country. Along with the development of productivity, the price of excessive depletion of resources has also been a high price to pay at the same time. We use the number of employees of each industrial sector divided by the total number of employees of industrial sectors to indicate the industrialization level.



	
Industrial structure (stru):






The current industrial structure of China is characterized by “secondary-tertiary-primary”, which means industrial sectors still occupy a dominant place among the three main industries. Generally, secondary industry accounts for the larger share and apparently inhibits the improvement of industrial carbon productivity. Again, secondary industry includes mining, manufacturing, production and distribution of electricity, gas, water and construction industries. The carbon productivity of each sub-industry varies. Thus this paper selects output values of each industrial sector divided by total output value of all industries to represent the industrial structure.



Definition of variables are listed in Table 2. This paper selects 35 sectors out of 39 industrial sectors from 2006 to 2014 consisting of panel data. Due to lack of data, other minerals mining and dressing, recycling and disposal of waste are excluded from the analysis. In consideration of consistency of statistical caliber, this paper integrates the manufacture of rubber and of plastic into the one sector, i.e., manufacture of rubber and plastic; and incorporates the manufacture of artwork into culture, educational and sports goods.



Table 2. Definition of Variables.







	
Variable

	
Definition






	
Carbon productivity (cp)

	
gross industrial output value

/carbon dioxide emissions amount




	
Environmental regulation (regu)

	
annual expenditure for operation on industrial

waste water and gas treatment facility

/cost of main operation




	
Technical progress (pat)

	
the number of patent applications




	
Foreign capital dependence (fdi)

	
Hong Kong, Macau, Taiwan capitals and actual

receipt foreign capital

/gross industrial output value




	
Energy consumption structure (ecs)

	
each industrial sector’s coal consumption amount

/total industries coal consumption amount




	
Industrialization level (ind)

	
the number of employees of each industrial sector

/the total number of employees of industrial sectors




	
Industrial structure (stru)

	
the output value of each industrial sector

/the total output value of all industries











3.3. Data Sources


This paper selects China’s 35 industrial sectors from the years 2006 to 2014. All the data has come from the corresponding year of the China Statistical Yearbook [27], China Industry Statistical Yearbook [28], China Statistical Yearbook on Science and Technology [29], China Energy Statistical Yearbook [30] and China Statistical Yearbook on Environment [31].



We then assign a serial number for each sector for convenience of discussion. The 35 industrial sectors are numbered in the following order in Table 3: S1–S5 are mining industries; S6–S32 belong to manufacturing industries; and S33–S35 are production and distribution of electricity, gas and water industries.



Table 3. Sector Classification.







	
Sectoral Code

	
Sector

	
Sectoral Code

	
Sector






	
S1

	
mining and washing of coal

	
S19

	
raw chemical materials and chemical products




	
S2

	
petroleum and natural gas extraction

	
S20

	
medical and pharmaceutical products




	
S3

	
ferrous metals mining and dressing

	
S21

	
chemical fiber




	
S4

	
nonferrous metals mining and dressing

	
S22

	
manufacture of rubber and plastic




	
S5

	
nonmetal minerals mining and dressing

	
S23

	
nonmetal mineral products




	
S6

	
processing of food from agricultural products

	
S24

	
smelting and pressing of ferrous metals




	
S7

	
food production

	
S25

	
smelting and pressing of nonferrous




	
S8

	
wine, beverage and refined tea production

	
S26

	
metal products




	
S9

	
manufacture of tobacco

	
S27

	
manufacture of general purpose machinery




	
S10

	
textile industry

	
S28

	
equipment for special purposes




	
S11

	
manufacture of textile wearing apparel, footwear and caps

	
S29

	
transport equipment




	
S12

	
manufacture of leather, fur, feather and its products

	
S30

	
electric equipment and machinery




	
S13

	
processing of timbers, manufacture of wood, bamboo, rattan, palm and straw products

	
S31

	
manufacture of communication equipment, computer and other electronic equipment




	
S14

	
furniture manufacturing

	
S32

	
measuring instrument, cultural and office machinery




	
S15

	
papermaking and paper products

	
S33

	
production and supply of electric power and heat power




	
S16

	
printing and record medium reproduction

	
S34

	
production and distribution of gas




	
S17

	
culture, educational, art and sports goods

	
S35

	
production and distribution of water




	
S18

	
processing of petroleum, coking, processing of nucleus fuel

	

	












4. Typical Fact and Research Hypotheses


4.1. Changing Trend Analysis of Environmental Regulation and Carbon Productivity


At present, academia has not yet reached consensus on the impact of environmental regulation on carbon productivity. Some argue that regulation actions regarding CO2 emission reduction facilitate long-term environmental performance [32,33]. On the contrary, others found that the regulation costs lead to productivity loss. Regulatory effects caused a slight decrease in the overall productivity for the European commercial transport industry from 1995 to 2006 [34]. In order to more explicitly conduct the analysis, we depict the scatter plot that indicates the relationship between environmental regulation and carbon productivity. As is shown in Figure 2, the linear fitted values display a negative relationship between the two variables.


Figure 2. Relationship between environmental regulation and carbon productivity.



[image: Sustainability 08 00819 g002 1024]







4.2. Changing Trend Analysis of Technical Progress and Carbon Productivity


Current energy utilization rates could be improved through technological innovation, especially for those industries with high CO2 emission levels. In general, enforcing innovation-oriented development strategies can accelerate the pace of technical progress. By utilizing high-end technology and advanced applicative knowledge to reform and upgrade traditional industries, these moves cannot only reduce energy consumption, decrease pollution and CO2 emissions but also transform the development mode of over fuel combustion and environmental contamination; as well as enhancing industrial competitiveness to nurture new economic growth pole. The overall low carbon productivity of China’s sub-industrial sectors is primarily due to the low efficiency of technology and scale [35]. Technical efficiency enhancement associated with CO2 emissions is the contributor to an increase in environmental performance [36]. As is shown in the scatter plot, technical progress positively relates to carbon productivity (Figure 3).


Figure 3. Relationship between technical progress and carbon productivity.
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4.3. Research Hypotheses


Through the above typical facts analysis, this paper thus proposes the following research hypotheses:

H1: 

Environmental regulation level is negatively related to overall industrial carbon productivity. Due to inefficiency of environmental regulation and extra management cost for production units that resulted from regulation, industrial carbon performance will be hampered rather than promoted.





H2: 

Technical progress level is positively related to overall industrial carbon productivity. This indicates that more patent applications lead to a higher level of innovation and ultimately benefits carbon productivity for the corresponding industrial sector.





H3: 

The impact of environmental regulation and technical progress on carbon productivity is industrial sector-specific. That is to say, due to industrial heterogeneity, the impact varies by classifying industrial sectors into 3 types (capital and technology intensive, resource intensive, labor intensive) according to factor intensiveness.









5. Empirical Results


Before regression, we examined the VIF (Variance Inflation Factor) value of each explanatory variable. As is shown in Table 4, all the values range from 1.05 to 3.53, indicating that multicolinearity is not serious amongst the variables we selected. This is also supported in correlation coefficient matrix in Table 5. Descriptive statistics of all the variables are listed in Table 6.



Table 4. VIF Value of Each Explanatory Variable.







	
Dependent Variable: cp

	
VIF

	
1/VIF






	
regu

	
1.31

	
0.761842




	
pat

	
2.1

	
0.475452




	
fdi

	
1.05

	
0.949457




	
ecs

	
1.16

	
0.860189




	
ind

	
3.53

	
0.283286




	
stru

	
3.35

	
0.298904




	
Mean VIF

	
2.08

	










Table 5. Correlation Coefficient Matrix.







	

	
cp

	
regu

	
pat

	
fdi

	
ecs

	
ind

	
stru






	
cp

	
1

	

	

	

	

	

	




	
regu

	
−0.6031

	
1

	

	

	

	

	




	
pat

	
0.2957

	
-0.1687

	
1

	

	

	

	




	
fdi

	
0.2684

	
−0.1212

	
−0.0496

	
1

	

	

	




	
ecs

	
−0.1255

	
0.151

	
−0.1615

	
0.0454

	
1

	

	




	
ind

	
0.1344

	
−0.1303

	
0.6949

	
0.0131

	
−0.0491

	
1

	




	
stru

	
−0.1673

	
0.1398

	
0.6152

	
−0.1281

	
−0.2003

	
0.7629

	
1










Table 6. Descriptive Statistics of Main Variables.







	
Variable

	
Description

	
Unit

	
Obs

	
Mean

	
Standard Deviation

	
Min

	
Max






	
lncp

	
natural logarithm of carbon productivity

	
-

	
315

	
3.6369

	
0.6902

	
1.9688

	
5.0966




	
regu

	
environmental regulation intensity

	
%

	
315

	
0.2429

	
0.2995

	
0.0001

	
1.9526




	
pat

	
natural logarithm of the numbers of patent application

	
-

	
315

	
3.3729

	
0.8382

	
0.9031

	
5.015




	
fdi

	
FDI inflow

	
%

	
315

	
5.0083

	
4.2171

	
0.0061

	
36.1881




	
ecs

	
energy consumption structure

	
%

	
315

	
67.636

	
23.8102

	
3.7614

	
98.1196




	
ind

	
industrialization level

	
%

	
315

	
0.3361

	
0.2585

	
0.0194

	
1.1735




	
stru

	
industrial structure

	
%

	
315

	
2.8467

	
2.383

	
0.1395

	
10.4481










Furthermore, the graph of kernel density estimation (Figure 4) displays that industrial-level carbon productivity has progressively changed from convergent shape to a dispersed pattern when the time interval is set at every four years. The overall carbon productivity level also has improved from the first year of 2006 to the last year of 2014, as the natural logarithmic peak value climbed from approximately 3.8 to 4.2.


Figure 4. Kernel density estimation.
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5.1. Estimation Results of Full Sample


Table 7 reports the estimation results of the full sample. Model (1) is the regression without any control variables; and only considering the two core explanatory variables of environmental regulation and technical progress. From which we can obviously see that the estimation coefficient of environmental regulation is significantly negative at 10% significance level and the estimation coefficient of technical progress is significantly positive at 1% significance level. This implies that environmental regulation and technical progress have respectively negative and positive relationships with carbon productivity. Models (2)–(5) are estimation results through stepwise incorporating of control variables. From the results we see that the two core independent variables are still statistically significant and the coefficient signs are consistent with Model (1). For the control variables, FDI, industrialization levels and industrial structure are significant at 1%, 5% and 15% level, respectively; while the energy consumption structure is not significant. Research hypotheses of 1 and 2 (H1, H2) have thus been verified.



Table 7. Estimation Results of Full Sample.







	
Explanatory Variables

	
(1) lncp

	
(2) lncp

	
(3) lncp

	
(4) lncp

	
(5) lncp






	
regu

	
−0.0852 *

(−1.84)

	
−0.0787 *

(−1.72)

	
−0.0858 *

(−1.87)

	
−0.0861 *

(−1.88)

	
−0.0806 *

(−1.70)




	
pat

	
0.2705 ***

(17.95)

	
0.2526 ***

(15.54)

	
0.2567 ***

(15.59)

	
0.2425 ***

(13.62)

	
0.2431 ***

(13.59)




	
fdi

	

	
−0.0082 ***

(−2.75)

	
−0.0084 ***

(−2.82)

	
−0.0081 ***

(−2.71)

	
−0.0081 ***

(−2.68)




	
ecs

	

	

	
−0.0011

(−1.44)

	
−0.0011

(−1.45)

	
0.2389

(−1.39)




	
ind

	

	

	

	
0.2463 **

(2.04)

	
0.2389 **

(1.96)




	
stru

	

	

	

	

	
0.0083 #

(0.47)




	
_cons

	
2.7451 ***

(49.91)

	
2.8454 ***

(43.45)

	
2.9146 ***

(35.94)

	
2.8779 ***

(34.83)

	
2.8503 ***

(28.11)




	
R2

	
0.1259

	
0.0932

	
0.0994

	
0.0868

	
0.0708




	
F-statistic

	
182.28 [0.00]

	
126.90 [0.00]

	
96.07 [0.00]

	
78.56 [0.00]

	
65.32 [0.00]




	
Hausman Test

	
10.80 [0.00]

	
12.36 [0.00]

	
15.29 [0.00]

	
11.38 [0.04]

	
18.98 [0.00]




	
model

	
FE

	
FE

	
FE

	
FE

	
FE




	
obs

	
315

	
315

	
315

	
315

	
315








Note: the value in the parenthesis is t-statistic or z-statistic; #, *, **, *** denote 15%, 10%, 5% and 1% significance level, respectively.









5.2. Estimation Results of Subgroups


To further investigate the impact of China’s industrial environmental regulation and technical progress on carbon productivity, we subdivided the 35 industrial sectors into capital and technology intensive, resource intensive and labor intensive types according to factor intensiveness. Capital and technology intensive type including 13 sub-industrial sectors (S17, S19–S22, S24, S25, S27–S32) and resource intensive (S1, S2, S6–S9, S13, S18, S33–S35) and labor intensive type both consist of 11 sub-industrial sectors (S3–S5, S10–S12, S14–S16, S23, S26).



Table 8 reports the estimation results of the subgroups. Models (2), (4) and (6) are the complete estimation results of the subgroups. From Models (2) and (4) we can see that environmental regulations exert a insignificant positive and negative effect on carbon productivity for the capital and technology intensive industry and the resource intensive industry, respectively. Model (6) reveals that the environmental regulation constantly negatively influences carbon productivity for the labor intensive industry. It is worthwhile noting that for all the models, technical progress plays an important role in enhancing carbon productivity for all types of industrial sectors and the significance test has been passed at 1% level. Hence, research hypothesis 3 (H3) can be confirmed.



Table 8. Estimation Results of Subgroups.







	
Explanatory Variables

	
(1) K-T

	
(2) K-T

	
(3) Res

	
(4) Res

	
(5) L

	
(6) L






	
regu

	
0.0743

(0.36)

	
0.1025

(0.47)

	
−0.1065 *

(−1.68)

	
−0.0699

(−1.04)

	
−0.1696 ***

(−2.82)

	
−0.1382 **

(−2.39)




	
pat

	
0.2809 ***

(7.44)

	
0.2797 ***

(7.27)

	
0.1456 ***

(5.09)

	
0.1601 ***

(4.72)

	
0.1390 ***

(4.38)

	
0.1448 ***

(4.65)




	
fdi

	

	
−0.0007

(−0.20)

	
−0.0501 ***

(−5.83)

	
−0.0496 ***

(−5.72)

	
−0.0367 ***

(−4.48)

	
−0.0431 ***

(−5.23)




	
ecs

	
0.0004

(0.46)

	
0.0005

(0.51)

	
−0.0118 ***

(−6.16)

	
−0.0113 ***

(−5.79)

	

	
−0.0022

(−1.40)




	
ind

	
0.2884 *

(1.81)

	
0.2998 *

(1.83)

	

	
−0.3456

(−0.69)

	

	
−0.4839 #

(−1.46)




	
stru

	

	
0.0107

(0.44)

	

	
0.0623 #

(1.48)

	
−0.0134

(−0.42)

	
0.0774 #

(1.48)




	
_cons

	
2.5230 ***

(18.79)

	
2.4729 ***

(12.53)

	
4.0078 ***

(20.12)

	
3.8512 ***

(17.32)

	
3.5804 ***

(20.08)

	
3.7394 ***

(19.74)




	
R2

	
0.2077

	
0.1461

	
0.0685

	
0.1143

	
0.0960

	
0.0286




	
F-statistic or Wald

	
38.45 [0.00]

	
25.22 [0.00]

	
50.64 [0.00]

	
34.35 [0.00]

	
203.00 [0.00]

	
41.20 [0.00]




	
Hausman Test

	
349.88 [0.00]

	
114.04 [0.00]

	
14.94 [0.00]

	
57.18 [0.00]

	
1.38 [0.85]

	
30.02 [0.00]




	
model

	
FE

	
FE

	
FE

	
FE

	
RE

	
FE




	
obs

	
117

	
117

	
99

	
99

	
99

	
99








Note: the value in the parenthesis is t-statistic or z-statistic; #, *, **, *** denote 15%, 10%, 5% and 1% significance level, respectively.









5.3. Endogeneity Problem


In view of the above-mentioned estimation results that the impact varies among the different factor intensive industries, we deduce that part of the reason is industrial heterogeneity; the other may be an endogeneity problem. Endogeneity is confirmed through Block Exogeneity Wald test in Table 9. In general, the way to solve endogeneity problem is to employ the instrumental variable method. However, it is difficult to find the most suitable instrumental variables. The common practice is to take endogeneous variables’ or other variables’ lagged terms as instrumental variables. By using this idea as a preference, this paper selects the first and second period lagged terms of endogeneous variables of environmental regulation and technical progress as instrumental variables in order to tackle the endogeneity problem. Also, using Anderson Canon LM statistic to test the under-identification problem of instrumental variables; using Cragg-Donald Wald F value to test the weak instrumental variables problem, that is to say, the null hypothesis of instrumental variables are not relevant to endogeneous variables; using Sargan statistic to test the over-identification problem of instrumental variables.



Table 9. Block exogeneity wald test.







	
Dependent Variable: cp




	
Excluded

	
Chi-sq

	
df

	
Prob.






	
regu

	
4.646303

	
2

	
0.098




	
pat

	
8.47996

	
2

	
0.0144




	
fdi

	
0.312423

	
2

	
0.8554




	
ecs

	
3.421889

	
2

	
0.1807




	
ind

	
2.689937

	
2

	
0.2605




	
stru

	
0.093402

	
2

	
0.9544




	
All

	
23.83384

	
12

	
0.0214










Table 10 reports the estimation results of IV-2SLS for full sample, capital and technology intensive sectors, resource intensive sectors and labor intensive sectors, respectively. Model (1) demonstrates that after taking into consideration of endogeneity of variables, the coefficients of environmental regulation and technical progress are both significant at 1% level. The absolute values of estimated coefficient are also larger than those without consideration of endogeneity, which indicates that the influence of environmental regulation and technical progress on carbon productivity is consistent and robust. FDI and industrialization levels have significant positive effects on carbon productivity at the 1% and 10% level, respectively. Industrial structure significantly, negatively affects carbon productivity, while energy consumption structure’s negative influence on carbon productivity is insignificant.



Table 10. Estimation results of IV-2SLS.







	
Explanatory Variables

	
(1) All

	
(2) K-T

	
(3) Res

	
(4) L






	
regu

	
−1.0987 *** (−8.67)

	
−1.7628 *** (−4.94)

	
−1.0505 *** (−5.9)

	
0.4319 ** (1.96)




	
pat

	
0.3671 *** (6.11)

	
0.6099 *** (3.98)

	
0.5893 *** (4.82)

	
0.7345 *** (8.39)




	
fdi

	
0.0262 *** (3.60)

	
0.0130 (1.38)

	
0.0346 ** (2.30)

	
−0.0592 *** (−4.58)




	
ecs

	
−0.0019 (−1.43)

	
0.0005 (0.30)

	
0.0086 *** (3.75)

	
−0.0162 *** (−8.06)




	
ind

	
0.4085 * (1.81)

	
0.3656 (0.93)

	
−1.5465 *** (−3.51)

	
2.6057 *** (8.60)




	
stru

	
−0.1424 *** (−5.58)

	
−0.0849 ** (−2.26)

	
−0.0832 * (−1.67)

	
−0.7354 *** (−11.35)




	
_cons

	
2.9052 *** (13.80)

	
1.6734 *** (2.69)

	
1.5877 *** (4.15)

	
3.1889 *** (−14.40)




	
R2

	
0.5524

	
0.7706

	
0.6204

	
0.8513




	
F-statistic

	
49.00 [0.00]

	
46.59 [0.00]

	
19.18 [0.00]

	
68.51 [0.00]




	
Anderson Canon LM

	
193.85 [0.00]

	
60.65 [0.00]

	
63.58 [0.00]

	
28.45 [0.00]




	
Cragg-Donald Wald F

	
223.57 [7.56]

	
40.96 [7.56]

	
80.52 [7.56]

	
9.96 [7.56]




	
Sargan

	
0.03 [0.98]

	
0.56 [0.76]

	
2.56 [0.28]

	
0.38 [0.82]




	
obs

	
245

	
91

	
77

	
77








Note: the value in the parenthesis is t-statistic or z-statistic; *, **, *** denote 10%, 5% and 1% significance level, respectively.








The above regression results show that from the perspective of whole industrial sectors, raising the utilization level of FDI and promoting the industrialization process are beneficial for enhancement of carbon productivity. Model (2) reports the estimation result of capital and technology intensive sectors. The two core independent variables are significant; but in comparison to the FE estimation method, the significance level of environmental regulation has been improved. We can draw the conclusion that environmental regulation actions do indeed impact greatly on the output efficiency of the capital and technology intensive sectors, as the driving force of technical progress is no longer the main contributor to the further improvement of carbon productivity. The implementation of harsh environmental regulation hinders carbon productivity. All control variables are not significant except for in the industrial structure, which has a negative impact at 5% significance level. For resource intensive sectors in Model (3), the impact intensity of environmental regulation and technical progress is in the middle compared to that of capital and technology intensive sectors and labor intensive sectors. All of the control variables are showing significant effects. Introduction of FDI inflow and current energy consumption structure can boost carbon productivity. For labor intensive sectors in Model (4), the significance level of technical progress is higher than that of environmental regulation, indicating that technological innovation plays a more influential role in impacting carbon productivity. Given that labor intensive sectors, including such as mining and dressing, textile industry, furniture manufacturing, papermaking and paper products, printing and record medium reproduction, are of low technological content; technical factor is the main driving force for those sectors that are highly dependent on input of a cheap labor factor. Control variables of FDI, energy consumption and industrial structure impede improvement in carbon productivity, whereas industrialization level exerts a positive influence on carbon productivity that is significant at 1% level.





6. Conclusions and Policy Implications


Using China’s 35 industrial sectors panel data from 2006 to 2014, this research explores the impact of environmental regulation and technical progress on carbon productivity. The following conclusions have been reached based on empirical analysis. Environmental regulation and technical progress, respectively, exert a significant negative and positive effect on carbon productivity. Inconsistency and inefficiency of current regulation actions are considered to be the main reason for this negative effect, which is contrary to expectations. After grouping according to factor intensiveness, capital and technology intensive sectors are more greatly influenced by environmental regulation; by comparison, labor intensive sectors are affected by technical progress to a larger extent; the impact range of environmental regulation and technical progress on resource intensive sectors, which feature heavy and chemical industry, is in the middle. On the whole, the industrial structure is unfavorable to carbon productivity improvement. Capital and technology intensive sectors should pay more attention to the optimization of the industrial structure; FDI and energy consumption structures are beneficial in enhancing carbon productivity for resource intensive sectors; and the industrialization level should be promoted in order for the labor intensive sectors to raise their carbon productivity. Based upon the above analysis, we can get the following industrial sector-specific policy implications:



Firstly, for capital and technology intensive sectors, industrial development should be innovation-driven and supported by government, and allow further optimization of the industrial structure. Importance should be attached to readjusting the industrial internal structure to eliminate backward production capacity. Also, government should spare no effort in encouraging non-state-owned economies to develop high-tech industries and strategic emerging industries.



Secondly, for resource intensive sectors, the energy consumption structure should be readjusted and the utilization efficiency of FDI should be raised. To reduce CO2 emissions volume and boost carbon productivity, renewable and low-carbon energies including wind power, solar power and bio-energy should be explored. Government should adopt approaches to lowering the proportion of coal in energy consumption and enhancing technological research and development. In addition: government should raise public awareness by raising the profile of energy and resource saving through extensive publicity; the gradual creation of the positive implications of low-carbon energy consumption; and progressively establishing a complete clean energy consumption system.



Thirdly, for labor intensive sectors, environmental regulations should be continuously strengthened to improve their effect and to improve technical innovation and industrialization levels. The number of employees account for a large proportion when compared to other types of industries, indicating that the production process is characterized by manual work, such as textile and apparel industries. Automation should be promoted to replace the products and processing that is most reliant on manual labor, as much as possible and producing technologically high value-added goods via technical upgrading and reconstruction.



Overall, it has been proven to be true that institution and technology are the two main driving forces for maintaining economic growth in the middle to long term. Thus, environmental regulation and patent applications are the most influential factors. Policy makers should focus on the key fields that relate to long-term development and establish technical objectives to improve core competency comprehensively. Furthermore, communication should be encouraged amongst the industries in order to positively share learned experiences to sustain further improvement.
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